DNA polymerase ␣-primase (pol-prim), a complex consisting of four subunits, is the major species-specific factor for mouse polyomavirus (PyV) and simian virus 40 (SV40) DNA replication. Although p48 is the most conserved subunit of pol-prim, it is required for in vitro PyV DNA replication but can inhibit cell-free SV40 DNA replication. Production of chimeric human-mouse p48 revealed that different regions of p48 are involved in supporting PyV DNA replication and inhibiting SV40 DNA replication. The N and C-terminal parts of p48 do not have species-specific functions in cell-free PyV DNA replication, but the central part (amino acids [aa] 129 to 320) controls PyV DNA replication in vitro. However, PyV T antigen physically binds to mouse, human, and chimeric pol-prim complexes independently, whether they support PyV DNA replication or not. In contrast to the PyV system, the inhibitory effects of mouse p48 on SV40 DNA replication are mediated by N-and C-terminal regions of p48. Thus, a chimeric p48 containing human aa 1 to 128, mouse aa 129 to 320, and human aa 321 to 418 is active in both PyV and SV40 DNA replication in vitro.
Papovaviruses are small DNA tumor viruses (47) . For their DNA replication these viruses contribute a viral origin of replication (ori) and the large tumor antigens (Tag) of mouse polyomavirus (PyV) and simian virus 40 (SV40) or the E1 and E2 proteins of papillomaviruses; all other replication factors are supplied by the host (6, 42, 47, 49) . Therefore, papovaviral DNA replication in vivo and in vitro has served as a model system to study virus-host interactions and the mechanisms of DNA replication in mammalian cells (37, 47, 49) .
These studies allowed the development of a model for eukaryotic DNA replication which relies on unwinding of doublestranded (ds) DNA and stepwise assembly of multiprotein complexes mediated by the viral initiator of DNA synthesis, large Tag. After Tag has recognized and formed a double hexamer at the replication origin, specific distortions of the dsDNA occur (10, 25) . The following steps of DNA replication require the specific recruitment of host replication proteins, such as DNA polymerase ␣-primase (pol-prim), eukaryotic single-stranded (ss) DNA-binding protein, replication protein A (RPA), and topoisomerase I (topo I), to the origin of replication (7, 11, 12, 14, 26, 27, 39, 40, 41) . The interaction of Tag with pol-prim stimulates ori binding by Tag (29) . Melting and unwinding of ori dsDNA by Tag's helicase activity requires stabilization of the ssDNA by RPA. The melting of ori DNA by Tag also needs the relaxation of supercoiled DNA by topo I. The first RNA primer is then synthesized by the primase activity of pol-prim. The preinitiation and initiation steps of viral DNA synthesis at the origin of DNA replication require, in addition to the DNA-binding and enzymatic activities of the replication factors, specific physical contacts between these protein complexes (11, 48, 50, 51) . The newly synthesized RNA is elongated by the DNA polymerase activity of pol-prim. After a replication factor C(RF-C)-catalyzed DNA polymerase switch to a leading strand synthesis complex consisting of proliferating cell nuclear antigen and DNA polymerase ␦, this enzyme complex carries out processive DNA synthesis (5, 19, 49) . On the lagging strand initiation of the Okazaki fragment, DNA synthesis is also performed by pol-prim in cooperation with Tag and RPA (11, 26, 30, 50, 51) . These RNA-DNA primers are then elongated by DNA polymerase ␦ or ε (5, 19, 49) . This model, which originated from work with cell-free systems of polyomaviruses and papillomaviruses, most likely also illustrates basic mechanisms of chromosomal DNA replication (19) .
Despite their similarities, PyV and SV40 show a significant difference in their DNA replication: PyV propagates only in mouse cells, whereas SV40 multiplies only in primate cells. Mouse pol-prim is the major species-specific factor for PyV DNA replication, whereas human pol-prim mediates host-specific replication of SV40 DNA (4, 13, 28, 31, 44) . Each of the four pol-prim subunits directly interacts with Tag (8, 12, 50) , and these interactions play key roles in the permissiveness of the host cells: PyV Tag requires mouse p48 for its function (4, 13, 28) , whereas SV40 Tag depends on the primate p180 subunit (21, 22, 31, 44) .
Of the pol-prim subunits, the p48 polypeptide is the most highly conserved one between human and mouse (91% amino acid identity [43] ), yet this polypeptide is the major speciesspecific factor for PyV DNA replication. Therefore, sequences of human and mouse p48 cDNA were exchanged, and chimeric human-mouse p48 cDNAs were expressed using baculovirus vectors. These polypeptides were coexpressed with the p180, p68, and p58 subunits of pol-prim and purified as enzyme complexes. The chimeric pol-prim complexes were used to determine the parts of the mouse p48 subunit responsible for species-specific functions in PyV DNA replication.
MATERIALS AND METHODS
Production of the mutant p48 proteins. To obtain the chimeric human-mouse p48 subunits (see Fig. 1A ), cDNAs were produced using the conserved restriction sites for BanII and NdeI to exchange the 5Ј and 3Ј ends, respectively. The constructs h(ml-320) and h(ml29-418) were transferred into the vectors pVL1392 and pVL1393, respectively. The cDNA containing the central part from mouse but human 5Ј and 3Ј ends was obtained by digesting pVL1392-h(m129-418) and pVL1393-h(m1-320) with PflMI and with BglII or BamHI. These DNAs were ligated to construct pVL1392-h(m129-320). After in vivo recombination baculoviruses expressing recombinant proteins were created using Baculo-Gold DNA and standard procedures (Pharmingen, Hamburg, Germany) (35) .
Proteins. PyV Tag, SV40 Tag, and the pol-prim complex (p180-p68-p58-p48) were purified from baculovirus-infected insect cells as described previously (4, 43, 44) . RPA was bacterially expressed and purified as outlined before (18, 34, 45) . Human topo I expressed in yeast and purified as described by Lisby et al. (24) was a generous gift of M. Lisby, University of Århus, Denmark. Monoclonal antibodies SJK237-71, SJK287-38 (46), F5 (36) , and PAb101 (15, 16) specific for PyV and SV40 Tag were purified by affinity chromatography (17) .
Protein manipulations. Protein concentration was determined according to the method of Bradford (3) using a commercial reagent with bovine immunoglobulin G as a standard (Bio-Rad, Munich, Germany). Sodium dodecyl sulfate (SDS) gel electrophoresis was carried out as described previously (20) , with 10-kDa ladders (Life Technologies) as molecular mass markers. After polyacrylamide gel electrophoresis, proteins were detected by silver staining according to the method of Nasheuer and Grosse (32) .
DNA synthesis on ⌽X174 ssDNA. The DNA replication of ⌽X174 ssDNA was carried out in a reaction containing 66 ng of ⌽X174 ssDNA (New England Biolabs) (33), 20 mM Tris-acetate (pH 7.3), 5 mM magnesium acetate, 20 mM potassium acetate, 1 mM dithiothreitol, 0.1 mg of bovine serum albumin (BSA) per ml, 1 mM ATP, 0.1 mM each of CTP, GTP, UTP, dATP, dCTP, dGTP, TTP, and 0.1 mM [␣-32 P]dCTP (100 cpm/pmol) (Amersham Pharmacia Biotech, Freiburg, Germany). Comparisons between different pol-prim preparations were made by adding 0.2 U of primase per assay. The incorporation of dCMP was determined by acid precipitation of DNA and scintillation counting.
Preparation of S100 extracts and replication of PyV in vitro. S100 extracts were prepared from logarithmically growing human 293S or mouse FM3A cells as previously described (43, 44) . Cells were harvested by centrifugation and then washed twice with phosphate-buffered saline (PBS) and once with hypotonic buffer. The cells were resuspended in hypotonic buffer, incubated for 10 min on ice, and broken by 12 strokes in a Dounce homogenizer. The extracts were centrifuged at 4°C and 11,000 ϫ g. The supernatant was then adjusted to 100 mM NaCl and clarified by a second centrifugation at 100,000 ϫ g (S100 extract). Depletion of pol-prim from S100 extracts was performed essentially as previously described (43, 44) .
The replication of PyV DNA in vitro was performed as previously described (4, 44) . Briefly, the assay contained 1.2 g of PyV Tag, 250 ng of pUC-Py1 DNA (PyV origin DNA [39] ), and 200 g of S100 or depleted S100 extract in 30 mM HEPES-NaOH (pH 7.8), 1 mM dithiothreitol, 7 mM magnesium acetate, 1 mM EGTA (pH 7.8), 4 mM ATP, 0.3 mM each of CTP, GTP, and UTP, 0.1 mM each of dATP and dGTP, 0.05 mM each of dCTP and dTTP, 40 mM creatine phosphate, 80 g of creatine kinase per ml, and 5 Ci each of [␣ 32 P]dCTP and [␣ 32 P]dTTP (3,000Ci/mmol) (Amersham Pharmacia Biotech). The cell-free SV40 DNA replication contained 0.6 g of SV40 Tag and 250 ng of pUC-HS (39) . Pol-prim was added as indicated. The incorporation of radioactive deoxynucleoside monophosphates (dNMPs) was measured by acid precipitation of DNA and scintillation counting. The total radioactivity was measured after spotting 5 l of a 200-fold dilution of the replication assay onto GF52 filters (Schleicher & Schüll, Dassel, Germany).
Initiation of replication on PyV and SV40 DNA. Initiation reactions were performed essentially as previously described (4, 39, 44) . Briefly, the PyV initiation assay (40 l) was assembled on ice and contained 0.25 g of pUC-Pyl DNA (PyV origin DNA), 1.6 g of PyV Tag, and 1 g of RPA in 30 mM HEPES-KOH (pH 7.8), 7 mM magnesium acetate, 1 mM EGTA, 1 mM dithiothreitol, 0.2 mM UTP, 0.2 mM GTP, 0.01 mM CTP, 4 mM ATP, 40 mM creatine phosphate, 1 g of creatine kinase, 0.3 g of topo I, 0.25 mg of heat-treated BSA per ml, and 20
Ci of [␣-
32 P]CTP (3,000 Ci/mmol) (Amersham Pharmacia Biotech). Recombinant pol-prim was added as indicated in the figure legends. SV40 initiation reactions (40 l) were carried out as described above but contained 0.25 g of pUC-HS DNA, 0.6 g of SV40 Tag, and 0.5 g of RPA. After incubation for 1 h at 37°C, one-eighth of the reaction mixture was used to estimate the amount of incorporated nucleotides by spotting it onto DE81 paper (38) . The reaction products were precipitated with 0.8 M LiCl, 10 mM MgCl 2 , 10 g of sonicated salmon sperm DNA (Sigma), and 120 l of ethanol for 1 h on dry ice, washed twice with 75% ethanol-water, dried, redissolved in 45% formamide-5 mM EDTA-0.05% xylene cyanol FF-0.05% bromphenol blue at 65°C for 30 min, heated for 3 min at 95°C, and electrophoresed in denaturing 20% polyacrylamide gels for 3 to 4 h at 600 V as described previously (4, 39) . The reaction products were visualized by autoradiography.
ELISA. Modified enzyme-linked immunosorbent assays (ELISAs) were carried out as described previously (39) . Briefly, pol-prim complexes or BSA (1 g in 50 l of PBS) was immobilized for 1 h at room temperature (RT). After washing three times with PBS, blocking solution (5% BSA [Fraction V; Sigma] in PBS) was incubated for 1 h at RT. The blocking solution was removed by washing three times with PBS. Then PyV Tag (1 g in 50 l of PBS) was incubated for 1 h at RT in binding buffer (PBS supplemented with 8 mM MgCl 2 and 4 mM adenylylimidodiphosphate [AMP-PNP]) and removed by washing three times with PBS. Bound Tag was recognized by monoclonal antibody F5 (5 g in 50 l of PBS for 1 h at RT) and a secondary horseradish peroxidaseconjugated antibody (Dianova, Hamburg, Germany). The ELISA was developed with the horseradish peroxidase substrate kit according to the supplier's instructions (Bio-Rad).
RESULTS
Production of pol-prim containing chimeric human-murine p48 primase. The murine p48 subunit controls the replication of PyV DNA in vitro. Human p180 determines the species specificity of SV40 DNA replication in vitro, whereas mouse p48 poisons the initiation of DNA replication of this primate virus in vitro (4, 44) . These different activities raise the question of whether the same amino acids and activities of mouse p48 are involved in the regulation of DNA replication of both polyomaviruses. To address this question, regions of murine and human p48 were exchanged and chimeric proteins were produced using baculovirus vectors (Fig. 1) . The chimeric p48 subunits of pol-prim are named according to their murine amino acids. Thus, h(ml-128) contains the murine amino acids (aa) 1 to 128, with the remaining amino acids being encoded by the human cDNA, whereas h(m321-418) consists of the Cterminal aa 321 to 418 from mouse and the human aa 1 to 320. These proteins were then coexpressed with human or mouse p180, p68, and p58 subunits (HHH and MMM, respectively, in complex designations). The recombinant proteins assembled into protein complexes which contained all four subunits and could be purified to near homogeneity by phosphocellulose and immunoaffinity chromatography (Fig. 2) . All purified enzyme complexes had DNA polymerase and primase activity. The specific DNA polymerase and primase activities of the protein complexes varied from 1,300 to 15,600 U/mg and from 170 to 2,280 U/mg, respectively (Table 1) .
SDS gel electrophoresis of these immunoaffinity-purified chimeric complexes revealed that the pol-prim complex MMMh(m129-418) (MMMx refers to hybrid pol-prims containing chimeric p48 plus murine p180, p68, and p58) had a p180 subunit which was significantly more degraded than those of the other purified complexes (Fig. 2, lane 4) . This proteolysis of p180 could be due to a high protease activity during purification. The SDS gel electrophoresis also showed that the p48 polypeptides containing the human aa 321 to 418 had a significantly higher apparent molecular mass than those con-taining the murine C terminus (Fig. 2) . The shifts of these polypeptides cannot be explained by an increase of molecular mass, since the predicted molecular masses of murine and human p48 have a difference of 0.6 kDa. Therefore, structural features that cannot be resolved by SDS gel electrophoresis are most likely the cause of these shifts.
DNA synthesis by pol-prim with a chimeric human-murine p48 primase. To determine whether the subunits of chimeric complexes cooperate, their ability to synthesize DNA on natural ssDNA templates was studied. In the presence of the four deoxy-and ribonucleotides and Mg 2ϩ , all pol-prim complexes synthesized DNA (Fig. 3) .The mouse pol-prim and the chimeric protein complexes containing the three large murine subunits were in general more effective at DNA synthesis on ssDNA than the other enzyme complexes. However, the enzyme complexes containing chimeric p48 synthesized DNA at least with an activity similar to that of the four-subunit human pol-prim (Fig. 3, compare columns 6 to 11) .
The N and C termini of mouse p48 are not required for species-specific replication of PyV DNA in vitro. The mouse p48 subunit controls PyV DNA replication in vitro during the initiation of leading strand DNA synthesis through an unknown mechanism. The chimeric p48 subunits were tested in the replication of PyV DNA. To compensate for enzyme instabilities of recombinant proteins we used the same level of enzyme activity in each assay as indicated in the figures. As expected, mouse pol-prim supported in vitro PyV DNA replication, whereas the human enzyme did not (Fig. 4) . Low levels of active protein complexes which contained aa 1 to 320 or 129 to 418 of mouse p48 supported PyV DNA replication. The observed DNA synthesis products were resistant to DpnI, which degrades both the unmethylated input DNA from Escherichia coli and partially synthesized products (e.g., Fig. 4A , lanes 2 and 4), indicating that they were the result of semiconservative DNA replication (Fig. 4A, lanes 7 to 10 and 15 to 22 , and B, lanes 3 to 6, 13 to 16, and 19 to 22). However, hybrid pol-prim with p48 subunits containing only the N-terminal aa 1 to 128 or the C-terminal aa 321 to 418 of mouse p48 did not support cell-free PyV DNA replication. There were no qualitative differences between complexes with the three mouse subunits p180, p68, and p58 and those with the three human polypeptides (Fig. 4, compare panels A and B) . In summary, all complexes with a p48 containing the central region of mouse p48 (aa 129 to 320) synthesized DNA that was resistant to DpnI digestion ( Fig. 4A and B ; summarized in Fig. 1 ), whereas complexes lacking this region of mouse p48 did not produce DpnI-resistant synthesis products ( Fig. 4A and B) .
Quantification of the cell-free PyV DNA replication revealed that pol-prim with three mouse proteins [MMMh(m1- The replication products of these extracts were also determined with recombinant enzymes containing three human subunits and hybrid p48. The assays were carried out in the absence of recombinant pol-prim (lanes 1 and 2) or in the presence of recombinant mouse (lanes 3 to 6), human (lanes 23 and 24), and hybrid pol-prim containing the three human subunits p180, p68, and p58, together with a chimeric subunit p48 (lanes 7 to 22). DNA synthesis products for panels A and B were analyzed for complete DNA replication by digestion with 10 U each of EcoRI and DpnI (even-numbered lanes). In parallel, the products were linearized with 10 U of EcoRI (odd-numbered lanes). The DNA synthesis products were visualized by autoradiography. The arrow at the right side of the figure indicates the linearized DNA synthesis products. (C) The incorporation of dNMPs into PyV DNA was determined by acid precipitation of DNA and scintillation counting (light and dark columns, showing means and standard deviations of a minimum of three replication assays with 0.25 and 0.5 primase units, respectively, of the indicated pol-prim). Columns 1, negative control of depleted extracts; columns 2, mouse pol-prim; columns 3 to 10, hybrid pol-prim as indicated; columns 11, human pol-prim. 320) and MMMh(m129-418)] supported DNA replication more efficiently than those with three human subunits (Fig. 4C , compare columns 4, 6, 8, and 10). These data suggest that the mouse p48 mediates species-specific replication of PyV DNA, whereas the other subunits have stimulatory effects on the replication reactions. Amino acids within the central region of mouse p48 control species specificity of cell-free PyV DNA replication. Since all proteins containing the central part of mouse p48 were active in PyV DNA replication these findings suggest that aa 129 to 320 control PyV DNA replication. Therefore, a chimeric p48 containing this region from mouse, together with human Nand C-terminal amino acids, was produced. The enzyme complex HHHh(m129-320) was highly active in PyV DNA replication in vitro, and DpnI-resistant DNA was synthesized (Fig.  5A, lane 6) . Quantification of the reaction showed that the incorporation of radioactively labeled dNMPs by HHHh(m129-320) was about 65% of that by mouse pol-prim (Fig.  5B, compare columns 2 and 3) .
Initiation of PyV DNA replication with hybrid pol-prim in the presence of purified proteins. The initiation of PyV DNA replication is the species-specific step. Therefore, we tested whether we could reproduce the above results by using the initiation reaction of PyV DNA replication exclusively with purified proteins. Various pol-prim complexes (0.5 primase units) were used to initiate PyV DNA replication. These low amounts of mouse enzyme complex were sufficient to support the reaction, whereas the same amounts of human pol-prim were not (Fig. 6) .The enzyme complexes containing the central part (aa 129 to 320) of mouse p48 were active, whereas those missing this region from mouse were inactive ( Fig. 1 and  6 ).The other pol-prim subunits did not interfere with the initiation activity of the chimeric enzyme complexes, and the active chimeric complexes reached 35 to 50% of the activity of mouse pol-prim (Fig. 6B, compare columns 1, 3 , 5, 7, 9, and 10). Thus, the initiation assay, which exclusively depends on purified proteins, underlines the fact that the central part of mouse p48 mediates the species specificity of PyV DNA replication.
PyV, Tag physically interacts with mouse, human, and chimeric pol-prim complexes. These results raised the question of whether the interaction of PyV Tag with pol-prim is species specific. Equal amounts of each enzyme complex were immobilized and then incubated with PyV Tag. PyV Tag physically bound to mouse and human pol-prim, as well as to the chimeric complexes (Fig. 7) . The results suggest that the physical interaction of PyV Tag with the pol-prim complex is not the species-specific step, since Tag binds with a similar efficiency to FIG. 5 . aa 129 to 320 of mouse p48 control species specificity of cell-free PyV DNA replication. The ability of the chimeric pol-prim complex (0.5 DNA polymerase units) containing human p180, p68, p58, and chimeric h(m129-320) to support PyV DNA replication in vitro was determined by using depleted extracts from human 293 cells (A, lanes 5 and 6). This activity was compared with the replication activity of murine (A, lanes 3 and 4) and human (A, lanes 7 and 8) (0.5 DNA polymerase units) pol-prim. DNA synthesis products for panel A were analyzed for complete DNA replication by digestion with 10 U each of EcoRI and DpnI (even-numbered lanes). In parallel, the products were linearized with 10 U of EcoRI (odd-numbered lanes). For lanes 1 and 2, the synthesis products of depleted 293S extracts are presented. To compare the replication activities in a quantitative way the incorporated dNMPs were precipitated with trichloroacetic acid and measured by scintillation counting (B). Columns 1 to 4, depleted 293S extracts and mouse, chimeric HHHh(m129-320), and human pol-prim, respectively. both pol-prim complexes that are active and those which are inactive in cell-free PyV DNA replication (Fig. 4 to 7) . This finding is consistent with data published earlier which show that SV40 Tag binds to human and mouse pol-prim (39) .
Amino acids within the N and C termini of p48 inhibit SV40 DNA replication in vitro. The mouse p48 subunit is required for PyV DNA replication, but in a complex with the three human subunits mouse p48 poisons SV40 DNA replication. This phenotype can be rescued by mouse p58 (4, 44) . This behavior raised the question of whether the same region of mouse p48 is involved in the negative regulation of SV40 DNA replication and in the positive control of PyV DNA replication (44) . The four chimeric complexes containing the N or C terminus of mouse p48 did not support initiation of SV40 DNA replication (Fig. 8 , lanes 3 to 6; summarized in Fig. 1 ), although these enzyme complexes initiated DNA synthesis and elon- FIG. 6 . Initiation of PyV DNA replication by recombinant polprim. The PyV initiation activity of the chimeric pol-prim complexes (0.5 primase units) containing murine or human p180, p68, and p58, together with a chimeric p48, compared with recombinant mouse and human pol-prim. (A) Lane 1, negative control without pol-prim; lanes 2 to 5, complexes with three murine subunits and a chimeric subunit; lane 6, mouse pol-prim; lanes 7 to 8, complexes with three human subunits and a chimeric subunit; lane 11, human pol-prim. Lane M shows 5Ј end-labeled oligo(dT [12] [13] [14] [15] [16] [17] [18] ) markers as indicated at the right. The bar at the left marks the initiation products. (B) The radioactive incorporation of at least three experiments was determined, and means and standard deviations of these experiments are presented. For each assay, the incorporation of mouse pol-prim was set to 100, and the relative incorporation activity of the other enzyme complexes was calculated. Column 1, mouse pol-prim; columns 2 to 10, hybrid enzyme complexes with murine and human p180, p68, and p58, together with a chimeric p48 as indicated; column 11, human pol-prim. gated these primers on natural ssDNA templates (Fig. 3) . Interestingly, the pol-prim complex HHHh(m129-320) containing the central part from mouse p48 synthesized primers in the cell-free SV40 system (Fig. 8, lane 2) . Its efficiency was about 53% of that of human pol-prim (Fig. 8, compare lanes 2  and 7) . In addition, HHHh(m129-320) supported SV40 DNA replication, and the incorporation of dNMPs with HHHh(m129-320) reached about 62% of that with human polprim (data not shown). These results indicate that amino acids within the N or C terminus of mouse p48 can suppress initiation of SV40 DNA replication in vitro.
DISCUSSION
The cell-free polyomavirus DNA replication systems of PyV and SV40 have provided detailed insights into the mechanisms of eukaryotic DNA replication (for review, see reference 49 and references therein). The comparison of these DNA replication assays allowed the discrimination of separate essential functions of pol-prim in the control of viral DNA replication and explained the host specificity of these two viruses at least in part (reviewed in reference 42).
Control of PyV DNA replication by mouse p48. The p48 subunit of pol-prim has essential functions in the initiation of leading and lagging strand DNA synthesis and in the control of PyV and SV40 DNA replication (4, 5, 13, 49, 50, 51) . The initiation and DNA replication of PyV in vitro is supported by mouse p48 together with three human subunits of heterotetrameric pol-prim (4). We show here that the three large mouse subunits of the enzyme complex influence functions of mouse p48 and chimeric p48 sequences during PyV DNA replication and stimulate the replication efficiency of cell-free DNA replication (Fig. 4) . MMMh(m1-320) and MMMh(m129-418) supported DNA replication more efficiently in the cell-free PyV system than the complexes HHHh(m1-320) and HHHh(m129-418) (Fig. 4) . This increased activity seems to be dependent on a higher DNA synthesis rate of MMMh(m1-320) and MMMh(m129-418), since their initiation activity in the PyV system does not significantly differ from that of the other two chimeric enzyme complexes (Fig. 6 ).This interpretation is supported by the finding that MMMh(m1-320) and MMMh(m129-418) synthesized DNA more efficiently on a natural ⌽ϫ174 ssDNA template than did the other two enzyme complexes (Fig. 3) .
The replication of dsDNA containing a PyV ori revealed that mouse p48 controls species specificity of PyV DNA replication even in the presence of three other murine subunits. Especially the central residues of mouse p48 carry essential functions to support PyV DNA replication in vitro. The shift in apparent molecular mass determined by SDS gel electrophoresis is not a parameter that affects the host specificity of PyV DNA replication, since this shift is most likely caused by amino acids in the region aa 321 to 421 of human p48 which do not interfere with PyV DNA replication in human extracts ( Fig. 2 and 4 to  6) . However, the species specificity of PyV DNA replication only becomes manifest within the initiation complex composed of PyV Tag, pol-prim, and RPA at an origin of DNA replication. Although PyV Tag physically binds to pol-prim, the direct physical contacts do not show species-specific effects (Fig. 7)  (4) . Therefore, the primase subunit p48 of the nonpermissive host might differ in its preferential initiation sequence at the viral ori. Alternatively, conformational restrictions within the initiation complex consisting of PyV Tag, RPA, pol-prim, topo I, and the PyV ori may hinder recognition of the DNA template by the human primase. These restrictions may occur at any stage of the initiation process, as our assay does not distinguish between them (2, 5, 6, 19, 23, 49) . Especially, Tag serves as a mediator protein (1) to support RNA synthesis by pol-prim on an RPA-bound template by primase. PyV Tag is most likely able to carry out these activities at the PyV ori with mouse p48 but not with the human p48.
Activity of mouse p48 in SV40 DNA replication. In combination with human p180, p68, and p58, the mouse p48 has been found to poison initiation of SV40 DNA replication (4, 44) . The results presented here indicate that the inhibitory effect of mouse p48 on SV40 DNA replication and its supporting function(s) in PyV DNA replication depend on different mechanisms and can be separated. In the presence of either the murine N or C terminus the initiation of SV40 DNA replication is inhibited, whereas the central part of mouse p48 is required for the initiation of PyV DNA replication (Fig. 1, 6 , and 8). However, the chimeric protein h(m129-320) supports the cell-free DNA replication of both PyV and SV40 (Fig. 1, 4 , 5, 6, and 8). The mechanism for the inhibitory effect of mouse p48, and more precisely its N-and C-terminal amino acids, on SV40 DNA replication is still unclear, but this inhibition is relieved by substituting the human primase subunit p58 with the mouse polypeptide (4). These findings suggest that the N and C termini of p48 cooperate with p58 during the initiation of SV40 DNA replication. The human p58 might fail to functionally interact with these regions of mouse p48, whereas mouse p58 does interact (4). This interpretation is supported by earlier findings that the N and C termini of p48 are involved in its physical binding to p58 (9) . However, this cooperation of the two mammalian subunits is not disturbed in the initiation of DNA synthesis on ssDNA, the initiation of leading strand DNA synthesis in the PyV origin, and the initiation of Okazaki fragments on the lagging strand (Fig. 3 to 6) (39, 44) .
